INTRODUCTION
The development of an effective oligonucleotide delivery vector is crucial for gene therapy applications. 1 In gene therapy, therapeutic oligonucleotides target complementary DNA (antigene approach 2 ) or mRNA (antisense approach 3 ) sequences to inhibit protein synthesis and eliminate unwanted gene expression. Other forms of gene therapy rely on the CRISPR-Cas9 system to use engineered oligonucleotides to add new genes in the host. 4 Possible gene therapy applications include treatment of oncological, 5 inflammatory, 6 and genetic diseases such as cystic fibrosis. 7 Successful gene therapy depends on the use of an oligonucleotide delivery vector, as serum nucleases will rapidly degrade oligonucleotides released directly into the bloodstream. 8, 9 Gold nanoparticles of differing shapes and sizes have received much attention as a delivery vector for oligonucleotides due to their robust and adjustable properties. 10 Gold nanoparticles demonstrate low cytotoxicity, 11 easy cell membrane penetration, 12 and facile conjugation with a variety of therapeutic biomolecules including thiolated oligonucleotides 13 and targeting antibodies. 14 Perhaps most importantly, gold nanoparticles demonstrate significant heating upon optical excitation at the localized surface plasmon resonance (LSPR). 15, 16 Photothermal heating of gold nanoparticles results in substantial temperature increase at the surface of the nanoparticles, 17 allowing for double stranded DNA (dsDNA) attached to gold nanoparticles to melt into single strands at bulk solution temperatures much lower than the melting temperature (Tm) of the dsDNA 18 . The LSPR of gold nanoparticles can be adjusted into the near infrared (NIR) region, which enables deep penetration into tissue whilst minimizing cell damage during in vivo treatment.
Previous work demonstrates photothermal release of oligonucleotides via denaturation of a duplex from a variety of gold nanoparticles including nanospheres 19 , nanoprisms 20 , nanoshells 18 , and nanorods. 21 These nanoparticle systems release oligonucleotides at a specified excitation wavelength that corresponds to the LSPR of the nanoparticles. In order to improve the scope of gene therapy techniques, it is desirable to develop nanoparticle delivery systems that can sequentially and selectively release oligonucleotides 22, 23 by using multiple wavelengths of lasers to excite nanoparticles with different LSPRs. Selective release of oligonucleotides from nanoparticles has been demonstrated, but the currently proposed systems suffer from various drawbacks. One drawback of the current selective oligonucleotide release system is that laser radiation induces including nanoparticle destruction. 21, 24 Another major drawback is the use of vastly different sizes of gold nanoparticles to selectively release ssDNA, which may interfere with cellular uptake, limiting the ability to utilize multi-step treatment. 25, 26 In this work, we use hollow gold nanospheres (HGNs) with LSPRs of 670 nm and 760 nm to selectively release single stranded DNA (ssDNA) from a duplex upon excitation with 640 nm or 785 nm lasers. Furthermore, we demonstrate a procedure to use quantitative SERS to characterize the amount of ssDNA released through optical excitation. Quantitative SERS offers several advantages over typical methods of detecting ssDNA release from gold nanoparticles.
SERS provides high sensitivity and a low detection limit, allowing for small amounts of released ssDNA to be detected. 27 Traditional fluorimeter based instruments used in ssDNA release studies are either very costly or require large amounts of ssDNA (> 1 nM) release to reach the detection limits of the instrument. 28 SERS based analysis also provides a broad spectrum of information from the released oligonucleotides, allowing the use of multivariate analysis if necessary.
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EXPERIMENTAL SECTION
Nanoparticle Synthesis
Unless otherwise noted, all chemicals were received from Sigma Aldrich and used without further purification. HGNs were prepared according to a previously established procedure using a sacrificial cobalt template. 31 First, 600 L of 0.1 M sodium citrate dihydrate and 100 L of 0.4 M cobalt chloride were added to 100 mL of DI water. After degassing the solution, 100 L of 0.1 M sodium borohydride dissolved in degassed water was added and allowed to react for 30 min. Gold nanoparticles (~30nm) were fabricated using a standard citrate-reduction reaction. First, 1 mL of 0.15 m sodium tetrachloroaurate (III) hydrate was added to 500 mL water and heated to a boil. Then, 7.5 mL of 0.025 M sodium citrate dihydrate was added and left to react while heating for 15 min. Following the heating, the solution was allowed to cool at room temperature.
Nanoparticle Conjugation with dsDNA
ssDNA was purchased from ATDbio and HPLC purified before use. The probe strand was 5' thiol modified (sequence: (5'-HS -(HEG)3-CGCATTCAGGAT-3') and the target strand was fluorescently tagged at the 3' end (sequence: (5'-ATCCTGAATGCG-FAM-3')).
Conjugation of the gold nanoparticles with oligonucleotides followed a modified version of a previously reported fast-conjugation procedure. 32, 33 First, HPLC purified 5' thiol-modified oligonucleotides were added in excess to the nanoparticles. Following 10 min of mixing, 3 x 20 l aliquots of pH 2.8 citrate buffer were added in 8 min intervals. Finally, the conjugates were centrifuged at 6000 rpm for 20 min and re-dispersed in 0.1 M PBS. Following conjugation, the ssDNA on the surface was hybridized by introducing the fluorescently tagged complementary sequence in 1000 x excess. The hybridization was allowed to proceed for 1 h before centrifugation at 6500 rpm for 25 min and re-dispersion in 0.3 M PBS.
Characterization of Nanoparticles and Conjugates
All extinction spectroscopy was carried out on a Cary 300 bio UV-Visible Spectrophotometer 
Laser Excitation and Quantitative SERS Analysis
SERS spectra were collected using a WiTec alpha300R Raman spectrometer (WiTec, Germany). In all experiments, a 532 nm variable power continuous-wave diode laser was used to probe the sample. spectra were collected. To normalize the spectrum for probe height and laser power, spectra were collected from 115 L of ethanol prior to each set of measurements. The collected spectra were then normalized to the 885 cm -1 peak of the EtOH sample. Typical laser power used for SERS interrogation was 4.55 mW and the collection time was 3 s.
RESULTS AND DISCUSSION
The HGNs presented here offer several benefits as an oligonucleotide release vector. The synthesis of HGNs can be tuned to yield particles with LSPRs across a large spectrum of wavelengths ranging from 600-1100 nm. They have a controllable size and surface chemistry that is well defined based on standard thiol modifications. 34 This makes them highly attractive nanomaterial for ssDNA release. Figure 1 displays the normalized extinction spectra for a variety of HGNs created through slight alterations in the synthesis procedure. In all cases, the extinction profile is relatively narrow and demonstrates a red-shifted peak extinction value relative to spherical gold nanoparticles (AuNPs). SEM images of the HGNs confirm the monodispersity and spherical hollow shape of the particles ( Figure S1 ).
Despite their differences in peak extinction, all of the HGNs maintain size uniformity with respect to outer shell diameter. This result is a result of different shell thicknesses of the particles and is consistent with previously reported observations. 35 When devising a sequential-release therapeutic system based on two different oligonucleotide carriers, it is important to use particles of similar size, as the size of gold nanoparticles influences both cellular uptake and response.
Therefore, the pharmacokinetics of systems utilizing multiple different sizes of nanoparticles would prove nearly impossible to control. 36, 37 The LSPR of HGNs depends both on the core size of the particles as well as the shell thickness. An increase in the core size creates a subsequent decrease in shell thickness while maintaining a constant outer shell diameter. Both of these size alterations red-shift the LSPR of the particles, meaning that a marginal increase in particle size creates a compounding increase in LSPR. 35 The two primary particles used in the experiments demonstrated here are 58 nm for HGN 670 and 64 nm for HGN 760 (see Table S1 ). (Table S1 ). Following conjugation, the ssDNA on the surface was hybridized by introducing a fluorescently-tagged complementary sequence in 1000x
excess. The procedure for functionalizing the nanoparticles did not require modification for any of the nanoparticles used.
Prior to laser excitation of the nanoparticles, the ability to thermally denature ssDNA from the Figure S2 shows that ssDNA release occurs over a temperature range of 40-80 °C. This temperature range and the Tm of 60 °C are higher than any temperature achieved by the laser heating shown in Figure 2 . Thus, any DNA released from the NPs during laser excitation must be due to localized heating effects and not due to an increase of the bulk solution to the temperature range of thermal denaturing.
Following the confirmation of the functionalization of the nanoparticles, the conjugates were exposed to laser heating and analyzed for ssDNA release. Prior to heating, the optical absorbance of the NP conjugates was normalized to ~0.6 (a.u.). During excitation, 100 L of conjugate solution was placed into an optical tube and positioned in the path of a laser. Three different particle types were tested: HGN 760, HGN 670, and AuNP. As in the thermal heating experiments, each set of particles was subjected to both 640 nm and 785 nm excitation.
Following excitation, the samples were centrifuged and the supernatant was collected to minimize re-hybridization of the released ssDNA back to dsDNA on the nanoparticle surface. In this way, only released ssDNA in the supernatant is analyzed in the SERS measurement, while unreleased ssDNA and remaining HGN are left at the bottom of the centrifuge tube.
In this work, the release of ssDNA was analyzed with a SERS based approach that has not been demonstrated elsewhere in oligonucleotide release studies. The SERS substrate used here is spermine-aggregated AgNP, a well-known SERS substrate. 39, 40 The use of spermine both aggregates the AgNP and reduces the repulsive reactions between the ssDNA and AgNPs. 41 This allows for the ssDNA to lie directly on the surface of the aggregated AgNPs, which enhances the detection of the ssDNA in solution. This procedure is a modification of a previously used technique to monitor the presence of fluoro-tagged ssDNA in solution. 41 SERS spectroscopy utilized a wavelength of 532.8 nm with a laser power of ~4.55 mW. To ensure quantitative accuracy, an ethanol standard was probed before each set of measurements. All subsequent data were collected at the same probe height and power as the EtOH standard, and were normalized to the 885 cm -1 peak of the ethanol spectrum upon analysis.
Excitation using the 785 nm laser occurred for 30 min, which is sufficient time to heat the nanoparticles to the excited equilibrium temperature (Figure 1 ). SERS spectra were collected from both an optically excited sample and an identical "control sample" that was left in the same room as the heated sample for the duration of the excitation. When excited with a 785 nm laser, the SERs signal from the HGN 760 sample increases drastically compared to the control ( Figure   3 ). The spectra displayed here represent the average spectra from three separate trials. This indicates the release of a significant amount of ssDNA. On the other hand, the SERS spectra from the "excited" HGN 670 and AuNP are not significantly different from the control sample.
This shows that less ssDNA is released for these particle types. While a slight increase in signal is observed for both the HGN 670 and AuNP samples, this is likely due to moderate plasmonic heating effects at non-LSPR wavelengths. However, such non-LSPR effects are only observed due to the high laser power used in this experiment, as LSPR excitation is known to be the primary mode of ssDNA release in nanoparticle based systems. quantified here using a SERS based approach, which provides a broad spectrum of data for analysis. These results indicate that ssDNA can be selectively released from NPs by tuning the LSPR of the particles to match the wavelength of excitation. Furthermore, plasmon driven DNA denaturing can occur without heating the bulk solution to the Tm of the DNA. Selective oligonucleotide release systems utilizing similarly sized nanoparticles such as this one could prove useful in therapeutic applications where multiple strands of DNA are required for localized, sequential delivery without inducing harsh in-vivo conditions. Finally, the spectroscopic techniques used to detect the amount of ssDNA released by the nanoparticles will prove useful for future studies in which small amounts of ssDNA release must be detected.
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